Developments of the high-speed response brushless excitation systems (HSRBESs) are ongoing in the power industry. This is because the transient response of the excitation system (ES) is a key performance indicator for the grid owner. In dealing with this problem, accurate prediction and control of the ES ceiling voltage are desirable. However, the brushless exciters' nonlinear armature reaction causes the ceiling voltage to be unknown under varying operating conditions. This article proposes a numerical average-value model (AVM) that captures all the main dynamics of the HSRBES. It is shown that the AVM relationships can be utilized for online prediction of the ceiling voltage and employed in a dual-control scheme. The proposed model is validated against a dynamic voltage buildup test. Moreover, it is derived from a detailed model, which is verified from instantaneous field measurements and further from finite-element analysis. Finally, the accuracy and effectiveness of the AVMs' transient relationships prove the feasibility of the proposed dual-control scheme and shows that it can be easily implemented in existing systems.
Unified Reduced Model for a Dual-Control
Scheme of the High-Speed Response Brushless Excitation System of Synchronous Generators Fig. 1 . Illustration of the overall system considered in this article.
[10]- [12] . Among the main reasons for their popularity are compact solutions, low maintenance, and spark-and carbondust-free operation. Several active control interfaces of rotating rectifiers in brushless ESs are proposed [13] , [14] , with some having similar or superior performance when compared to static ESs. Among them, the high-speed response brushless excitation system (HSRBES) is of particular interest, as this has been an off-the-shelf product for some years, and large synchronous generators are already adopting this technology [15] , [16] . Fig. 1 illustrates this setup, which is implemented with a rotating thyristor rectifier in the rotor circuitry, replacing the passive diode bridge rectifier of a traditional brushless solution. In this case, control of the exciter field winding can be combined with direct control of 0278-0046 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the rotor circuitry through wireless communication. The active switching of the rotating thyristor rectifier and the stationary chopper, combined with the exciter machine saliency, makes model development of the HSRBES a complex task in comparison with other ESs [17] . The main challenge is the nonlinear armature reaction that causes the ceiling voltage to be unknown and variable under changing loading conditions. This uncertainty demands ceiling voltage prediction and a new dual-control scheme in order to provide reliable dynamic performance for grid applications. A number of contributions have solved the most demanding challenges for efficient modeling of thyristor rectification systems [18] - [21] . Besides, numerical average-value models (AVMs) have been proposed for the conventional brushless ES with rotating diode rectifiers [22] - [24] . Nowadays, AVMs are being proposed for improved control of brushless exciters in starter-generator applications [25] . However, the HSRBES has not yet taken the advantages of these techniques.
For the HSRBES, there is an interfacing challenge between the thyristor rectifier and the highly inductive generator field winding. The latter cannot be represented as an LC filter, where a steady-state capacitor voltage is given. A method has recently been proposed to interface with inductive circuitry directly [24] . This approach cannot be used for this particular application, since the proposed AVM relationships would strongly depend on the firing angle of the thyristor bridge. Moreover, previous approaches characterized only the positive quadrant of the thyristor bridge for an LC-type load [18] , which is not sufficient for ESs.
This article extends the AVM of the conventional brushless exciter [23] for the HSRBES. A careful selection of the dynamic impedance makes the AVM independent of the nonlinear effects of the thyristor bridge firing angle, which solves the interfacing challenge of AVMs representing the HSRBES. The main contributions are the following.
1) The proposed numerical AVM allows unified modeling of the rotating thyristor rectifier of the HSRBES for all possible steady-state and transient firing angles, which is a step necessary to develop standard industry models. 2) The lookup tables describing the relationships in the AVM provide the accuracy and precision required for implementation in the automatic voltage regulator (AVR), including firing angle and zero-crossing estimation, and positive and negative ceiling voltage estimation. 3) The proposed AVM is used to develop a dual-control scheme that includes direct control of the ceiling voltage. The performance of the proposed ceiling factor regulation (CFR) is compared against the conventional field current regulation (FCR) of the exciter. A case study is provided. In addition to the already mentioned contributions, the dualcontrol scheme is shown to control the steady-state firing angle of the thyristor rectifier indirectly. In fact, firing angle restrictions in industrial solutions are needed to limit the exciter torque pulsations [26] , [27] . As a result, this article proposes a new control approach that can be directly applied to the existing conventional systems with minor modifications. [15] , [16] ).
TABLE I TEST SITE APPARATUS
1) Power factor is given for rated rotating diode bridge operation, which is the standard specification for both the traditional exciters and the HSRBES. 2) Note that the exciter delivers the field current to the generator.
The rest of this article is organized as follows. Section II specifies the investigated system, including key quantities. The proposed numerical AVM is presented in Section III before the system is characterized with respect to the proposed AVM in Section IV. Finally, the dynamic results of the proposed AVM and its applicability for a dual control are given in Section V. Section VI conclude this article.
II. SPECIFICATION OF THE INVESTIGATED SYSTEM
Figs. 1 and 2 illustrate the studied HSRBES, while Table I presents the ratings and key design parameters of the generator and the exciter, and Table II the normalized standard parameters. The ratings from the exciters' manufacturer data (see Table I ) are provided for the old system employing a rotating diode bridge rectifier. In reality, the power factor of the HSRBES is significantly lower. This is because the exciters' desired ceiling voltage factor (CF) requires a firing delay angle to the thyristors. The CF will vary depending on the local grid code. As a result, the common practice for the HSRBES is providing the data sheet with diode operation of the thyristor bridge (i.e., 0 • firing angle). Fig. 3 shows the characteristic curves of the machines. Observe that the exciter does not saturate before two times the rated armature voltage. In addition, the Potier characteristics (green curve) of the exciter (see Fig. 3 ) is less saturated for higher exciter field current values. This is an approximation of the exciter armature voltage at rated load, i.e., it corresponds to full rated armature current in the d-axis. The approximation is valid because the loading condition is highly dominated by the d-axis armature current when the exciter is operating at high firing angles, which is typical for the HSRBES.
The open-circuit (OC) curves were identified by measuring the terminal voltage at different magnitudes of the field current. The same procedure applies for both the exciter and the generator, except that the armature voltages of the exciter were measured at the rotor side (inside-out synchronous machine). The finite-element (FE) simulation was made in two dimensions for both the generator and the exciter. Fig. 3 indicates a good agreement between the FE results and the commissioning tests. 
III. PROPOSED NUMERICAL AVM

A. Detailed Model Formulation
The detailed model of the brushless exciter is formulated by three governing equations
where u d and u q are the dand q-axis voltages (line-to-line rms), i d and i q are the dand q-axis currents (in power-invariant scaling), L d is the d-axis inductance, L q is the q-axis inductance, L m d is the mutual d-axis inductance, L fd is the field winding inductance, R fd is the field winding resistance, u fd and i fd are the field winding voltage and current, respectively, and R a is the armature resistance in the equivalent circuit of the exciter. All three equations interconnect with the rectifier interface feeding the generator field winding. The circuit parameters of the exciter are presented in Table III , which is calculated directly from the standard parameters of Table II . In particular, the generator field resistance (R F ) was derived from ohmic measurements at rated conditions, and the OC field inductance (L F ) was calculated from L F = T do R F . A similar approach was employed in the characterization of the exciter as well.
The parameters of the detailed model must be validated before using them in the numerical AVM. The latter is generated by the postprocessing of repeated detailed simulations. Therefore, an additional FE model is used to solve (1)-(3) in the magnetic field domain and couples them directly with the thyristor rectifier that feeds the highly inductive field winding. In this simulation environment, the exciter field winding must be voltage-sourced in order to capture the commutation process by the FE model accurately.
The final results are presented in Section IV, where the detailed model (with equivalent circuit parameters of Table III ) and the FE model outputs are compared. In this context, the FE model is aimed to justify the validity of equivalent circuit parameters in Table III and confirm the formulation of the detailed model along with the measured outputs at the test site. In addition, it is aimed to show that the three-dimensional effects are insignificant from a modeling perspective. The exact shape of the no-load voltage behind the exciter reactance was not accessed from the test site. However, it was validated from the FE model to justify the sinusoidal shape approximation of the no-load armature line voltage in the detailed model (results presented in Section IV-A and Fig. 8) .
B. AVM Formulation
There is a fundamental difference between the detailed model and the proposed AVM. The AVM reduces all ac variables to be fundamental values and the dc variables to be averaged quantities (moving local average one-sixth of an electrical period). The AVM is formulated by three algebraic functions, which must be extracted from detailed simulations. The procedures that collect the functions as lookup tables are described in Section IV.
The first lookup table in the AVM assumes that there is a relationship between the fundamental ac voltage and mean dc voltage of the exciter, yielding
where w uf is an algebraic function (to be identified) depending on the thyristor bridge firing angle α and the dynamical impedance z dyn (loading condition), and |u dq | is the fundamental component of the line-to-line armature voltage (rms) of the exciter. The loading condition is defined using the no-load voltage, |e dq | (voltage behind the reactances of the exciter armature), using a dynamic impedance (z dyn )
illustrated in Fig. 4 . It is worth noting that the intermediate variable z dyn is necessary to account for the loading condition accurately. Alternatively, using |e dq | alone yields a variable independent of the loading condition, i.e., it does not provide enough information to establish a dynamic relationship for the AVM. In addition, the terminal voltage |u dq | and the output dc voltage u F are highly dominated by the thyristor bridge firing angle, which must be decoupled from the intermediate variable to satisfy the AVM. The proposed AVM includes power-invariant armature currents (i d and i q ) that are formulated using algebraic functions, w id and w iq (to be identified), described by
where √ 3 is a scaling factor since the functions are based on rms values. Equations (6) and (7) shows that there is a relationship between the averaged armature currents and the output dc current (i F ) of the exciter. The differentiation of i d and i q employs a low-frequency approximation [23] . Finally, the armature voltages are continuously calculated from
where the time-dependent no-load voltages are calculated from
e q = ωL m d i fd .
The actual field quantities are given by u f = u fd /k f and i f = k f i fd , where k f is the reduction constant of the exciter field winding. The electromagnetic processes relating the different state variables are shown in Fig. 5 .
C. Stepwise Overview of the Proposed AVM
1) The main generator model predicts the field current of the rotor poles, i F . This article utilized the synchronous machine model in the Simscape Electrical (formerly SimPowerSystems) environment of MATLAB/Simulink. 2) The exciter field current i fd is a state variable in the AVR system. 3) The exciter field voltage u fd is a control variable from the stationary part of the AVR system. 4) The instantaneous OC voltages, e d and e q , are calculated from (10) and (11) . 5) The dynamic impedance z dyn is calculated as a ratio of magnitude of the OC voltage |e dq | and the generator field current i F [see (5)]. 6) The exciter armature currents, i d and i q , are calculated from (6) and (7), based on algebraic functions (w id , w iq ), which appear as lookup tables in the AVM. 7) A low-frequency approximation [23] handles the calculation of di d dt and di q dt based on i d and i q as inputs. 8) The fundamental components of the exciter armature voltages, u d and u q , are calculated by (8) and (9) . 9) The output field voltage u F is calculated from (4), where the algebraic function, w uf (which is based on a lookup table), is multiplied with the magnitude of the armature voltage |u dq |. 10) The rate of change of i fd is integrated to obtain the input i fd of the next time step of the simulation process (back to step 1). The rate of change in i fd yields
The standard generator model does the same integration to reach the next step of the generator field current i F , which goes back to the first step of the AVM structure (closed loop). The whole system is presented in Fig. 6 .
D. CF Estimator for the Dual-Control Scheme
The AVM and the dual-control scheme of Fig. 6 can be used for implementing an online CF estimator based on five measured inputs (see Fig. 7 ). The estimator calculates the positive ceiling voltage ( u F ) based on the minimum firing angle (α min ), which is typically 10 • . Equations (4), (5), (10) , and (11) are implemented in the calculation. The CF is defined as the ratio of u F and the actual field voltage (u F ) of the exciter, yielding A similar approach could be used to estimate the negative ceiling voltage with the maximum firing angle (α max ) as input (150 • is typical).
IV. CHARACTERIZATION OF THE HSRBES
This section deals with the characterization of the brushless ES by means of the AVM presented in Section III.
A. Validation of the Detailed Model
First, the detailed model must be verified against both experimental measurements and the FE model. Figs. 8 and 9 deal with the instantaneous armature line voltage and the instantaneous output field voltage over an electrical time period. These measurements were extracted from another power plant with an identical exciter machine design (due to easier access for detailed measurements on the rotating side). However, the active length of this exciter was twice (0.5 m), and it was operated with a mechanical speed of 93.8 r/min, or 56.3% of the rated speed of the original (yielding an electrical frequency 13.48 Hz). As a result, the no-load armature voltages and the machine reactance are about 12.5% higher for this exciter, but the relative difference between the different parameters is identical when neglecting the end-effects of the machine. It gave the opportunity for detailed validation of the exciter, which is seen when comparing the FE model, the detailed model, and the measurements shown in Fig. 8 . In addition, Fig. 8 illustrates the difference between the no-load armature voltage (from the FE model), the actual armature voltage, and the filtered armature voltage. The zero crossing of the filtered fundamental line-to-line voltage is slightly phase shifted with the true zero crossing. This phase shift delay will be even larger for higher loading conditions, and this is something the AVM will capture in the characterization process.
B. Firing Angle Prediction
Accurate firing angle detection of distorted line-to-line voltages for thyristor rectifiers has been addressed earlier [28] - [30] . Typically, the zero crossings are approximated from the OC line voltages or the filtered line voltages [18] . The OC zero crossings can be estimated by measuring the rotor position of the exciter. The true zero crossing lies in between these two methods. This article removes the notches in the armature voltages by calculating the true zero crossing of the estimated transient armature line-to-line voltage (e dq ). This is illustrated in Fig. 10 , which compares the proposed method with alternative methods. The estimated e dq is calculated from the dq components of the terminal voltages. It is found by averaging the mean d-and q-axis voltages in the conduction interval (see Fig. 11 ). Fig. 12 maps the difference between the filtered zero crossing and the estimated zero crossing proposed in this contribution. The proposed characterization technique replaces the conventional nondirect transfer functions to correct errors in the zero-crossing detection applied in commercial systems.
C. Characterization of the Detailed Model
The validated detailed model was operated with different firing angles at different loading conditions by transient ramping of the output generator field current (i F ), which was emulated as a stiff current source during the characterization process. In fact, a stiff current source is an excellent approximation when considering a highly inductive generator field winding. Fig. 13 shows the most valuable lookup tables from the simulated data.
In particular, Fig. 13(a) shows a lookup table for prediction of the firing angle (α) for different transient loading conditions Fig. 11 . d-and q-axis voltages simulated from the same loading condition as Fig. 10 . The estimated transient d-and q-axis voltage components are highlighted in between the filtered and the OC components. (defined by z dyn ) and different field voltages (u F ), with w uF = u F /|u dq | as the normalized input variable. This table yields a direct relation for estimation of the firing angle as a function of the desired output field voltage of the AVR under transient and steady-state loading conditions (i.e., firing angle estimator). The reciprocal of the same lookup table is given in Fig. 13(b) , where the firing angle (α) and dynamic impedance (z dyn ) are input variables. This is the parametric function utilized in AVM equation (4) , which predicts the generator field voltage u F . As mentioned in Section III-D, it is also possible to estimate the instantaneous positive and negative ceiling voltages as a function of the loading condition with this table, by inserting the minimum and maximum firing angle (α min and α max ) values as inputs. As a result, it can be used for the implementation of variable saturation parameters inside the real AVR, for improved antiwindup performance. Fig. 13(c) and (d) illustrates the ratio of the dand q-axis rms armature currents (i * d and i * q ) to the generator field current (i F ), as a function of α and z dyn . These are the parametric functions utilized in AVM equations (6) and (7), to predict the powerinvariant dand q-axis currents (i d and i q ). Fig. 13 . Extracted parametric functions of AVM equations (4), (6) , and (7) .
TABLE IV IDEAL ANALYTICAL SOLUTIONS AT LIGHT-LOAD CONDITIONS
In addition to the previous validations, all subfigures include an additional benchmark from ideal analytical solutions valid for ideal light-load conditions (large dynamic impedance), given in Table IV . The ideal analytical equations assume instant commutation and square-wave-shaped armature currents.
V. PERFORMANCE OF THE PROPOSED AVM
Finally, the proposed AVM was assessed with a dynamic test, in which the new CFR dual-control scheme was evaluated.
A. Dynamic Voltage Build-Up Test
Figs. 14-20 reveal the response of the key quantities of the ES during a dynamic voltage build-up of the generator (OC conditions). The initial armature voltages of both the exciter and the generator were initially at zero. The thyristor rectifier starts to act from 2 s after the start, and the whole time interval considered is lasting for 8 s. A comparison is made among the AVM, the detailed model, the local average of the detailed model over one-sixth of an electrical period (avg.), and experimental measurement. Note that local averaging is only needed for the quantities that are dominated by thyristor switching (i.e., detailed model). Fig. 14 assesses the generator field winding quantities (u F and i F ) and the thyristor bridge the firing angle (α). In this type of response, the generator field current and the generator terminal voltage are approximately equal (i.e., neglecting the damper bars). As expected, the ceiling voltage estimator (presented in Section III-D) tracks the CF in high fidelity during this response. The ceiling voltage is shown to be strongly influenced by the generator field current (i.e., it reaches a high value initially) and the CF stabilizes at 2 at the final steady-state condition. In parallel to this response, the exciter field winding quantities (u f and i f ) were measured and simulated (see Figs. 15 and 16 ). Note that the control signal of the exciter field voltage (u f ) was utilized, i.e., employing FCR of i f (control parameters in Table V ). The detailed buck chopper switching transients were neglected in the modeling due to its relatively high switching frequency and due to the highly inductive nature of the exciter field winding. On the contrary, the exciter field current signature is dominated by the switching of the thyristor rectifier, which occurs between longer time intervals. As a result, they could not be neglected. However, the AVM is observed within the envelope of the exciter field current of the detailed model. A similar performance is observed in the armature line-to-line voltage of the exciter in Fig. 17 . The notches due to commutation are shown in a zoomed view in Fig. 18 . Finally, the AVM dand Fig. 21 . Comparison between the proposed dual-control scheme (CFR) at several set points versus conventional control based on a fixed exciter field current set point (FCR). The parameters of the CFR, FCR, and the AVR are given in Table V. The table includes a performance comparison.   TABLE V CONTROL SETTINGS AND PERFORMANCE COMPARISON-5% STEP 1) k p , k i , and k d is the proportional, integrator, and derivative coefficients of the exciter field winding regulator (CFR or FCR). 2) K P and K I are the regulator coefficients of the generator AVR. 3) Indices 1 and 2 for the output means prevalue and postvalue. 4) Rise time means the time it takes to reach 90% of the step value. q-axis armature currents are assessed against the detailed model in Figs. 19 and 20 .
B. Evaluation and Comparison of Dual-Control Methods
In the proposed dual-control scheme (see Fig. 6 ), the main generators' AVR operates as a standard thyristor-based-type AC4A model from IEEE 421.5 [17] . However, it is extended with an additional controller for the exciter CF, based on a CF estimator (see Fig. 7 ).
ESs are typically verified by step responses under no-load conditions of the generator [17] . Fig. 21 shows how the proposed scheme behaves considering a 5% step in the main generator's AVR set point by applying different CFs. They are compared with a conventional control scheme, where the exciter field current is controlled to be constant. All settings and performance comparisons are provided in Table V . The PID regulator was appropriately tuned for each CF setting, in order to achieve the fastest 5% AVR step response for each reference setting without overshoot. The dual-control scheme recovers the initial CF, contrary to the conventional FCR scheme. The CF is highly correlated with the firing angle, which causes the proposed dualcontrol scheme to control the steady-state firing angle indirectly and consequently limit exciter torque pulsations [26] , [27] .
In Fig. 21 , the conventional FCR scheme has an initial field current of 1.48 p.u., yielding an initial CF of 1.6 p.u. After the 5% step change in the terminal voltage, the CF is reduced by 12.5%. It is evident that the CF becomes unstable, contrary to the proposed CFR scheme. Moreover, Fig. 19 shows that the CF is directly correlated with the speed of the response in the generator terminal voltage.
The existing practice of some suppliers to circumvent the apparent issues with the FCR is to change the reference field current in discrete steps according to the main generator load (i.e., generator field current). Usually, those transitions are chosen empirically. In this perspective, the FCR is chosen for its simplicity and the fact that it requires only one measurement. However, the ES cannot guarantee a required CF, which limits its application for large power generation facilities. On the contrary, the CFR requires five measured inputs, which are required to provide an accurate CF for the generator ES.
VI. CONCLUSION
This article developed a numerical AVM of the HSRBES. The AVM was validated with experimental measurements, analytical solutions, and FE analysis and captured the key quantities in the exciter under stationary and transient conditions.
As presented in this article, the proposed AVM could be utilized for online prediction during operation of the HSRBES to instantaneously estimate the ceiling voltage and the zerocrossing error in the fundamental component of the line-to-line voltages.
The AVR could take advantage of the proposed AVM to solve the following.
1) The proposed CFR ensured the speed of response by maintaining the CF under changing loading conditions, as well as maintaining the steady-state firing angle. 2) Continuously estimated the positive and negative saturation (CFs) at the output of the AVR for improved antiwindup performance, replacing the constant saturation settings, and estimate the firing angle directly from the desired field voltage, yielding a direct dynamic relation between the desired and the actual output. 3) Utilized more of the available ceiling voltage with an online estimation of the zero crossing depending on the loading condition, replacing the nondirect transfer functions for corrective zero-crossing estimation. The proposed CFR control scheme and the application of the AVM relationships were the main highlights in this article. In addition, the proposed AVM is of fundamental importance to determine the overall transfer function of the HSRBES. A future research item is to extend the proposed AVM into a standardized model that can be incorporated into industry standards such as IEEE 421.5 [17] . Moreover, a model-predictive control strategy can be investigated using the proposed AVM.
